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ABSTRACT 



The hollow cathode is an effective source of dense, low energy plasma. 
Hollow cathodes find use in ion beam sources for laboratory and space applications. 
They can also be used independently for satellite chairge control, and ion beam 
neutralization. A heaterless hollow cathode design was tested with argon gas used 
as the propellant. This thesis work investigated the device properties, that is, the 
emission currents as a function of discharge current, propellant flow rate and other 
physical parameters. Stcirting behavior was a main point of the investigation. The 
results of these experiments were compared with studies of the conventional hollow 
cathode. 
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I. INTRODUCTION 



One motivation for the study of gas discharge technology is to produce a 
plasma for ion beams in laboratory and spcw:e applications. One popular and 
reliable implementation is the hollow cathode. Hollow cathode gas discharge 
devices provide an important capability as a source of low energy plasma. 
Applications include the electron source for the discharge chamber in ion 
bombardment thrusters and the neutralizer for ion thruster beams. Ion thrusters, 
developed for space applications, axe finding increasing use in vacuum processing 
applications. Large area ion beams are extracted from electron bombardment— type 
ion sources whose ionizing electrons are typically supplied by a hot refractory metal 
filament cathode. However, short filament lifetimes (several tens of hours), 
difficulties in maintaining constamt filament electron emission, and filament 
breakage, are significant undesirable features of using this type of cathode in space 
flight or production processing equipment. 

Hollow cathodes offer substantially longer lifetimes than filament cathodes. 
However, cathodes Me intrinsicailly complex devices and for a specific application 
require a great deal of testing and paraimetric optimization before reliable operation 
can be assured. These technical challenges have limited their application in 
industrial ion sources. Fig. 1.1 details a hollow cathode which does operate reliably, 
is easy to fabricate, h^ demonstrated long life operation, aind may be used for ion 
beam and plasma sources. [Ref. 2] 

The hollow cathode consists of an outer refrcictory metal tube, usually 
tantalum, covered on its downstrezim end by an orifice plate usually made of 
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Fig. 1.1 Hollow Cathode Schematic 



thoriated tungsten. The cathode also normally incorporates a refractory metal 
insert either coated or impregnated with such chemicals as barium compounds, 
which aid the emission process by reducing the work function of the insert surface. 
The cathodes used in ion thrusters typically have inner diameters of a few 
millimeters and orifice diameters of a few tenths to one millimeter. The in.sert 
length is usuaJly a few tube diameters. The electron current is collected by an 
anode biased positive with respect to the cathode. Hollow cathodes generally utilize 
a small secondary anode, called a keeper, which is used to initiate the dischcirge. A 
heater is normally used to heat the cathode as an aid to starting the emission 
process. However, the discharge is self— sustaining (self— heating) once established 
and the heater can be turned off or turned down. 
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As mentioned above, there has been an interest in hollow cathodes for use in 
ion bombardment thrusters as the electron source for the discharge chamber and as 
the neutralizer for the thruster beam. Because operating requirements for the 
thruster dictate long lifetimes and stable operation for this component, it has 
become of prime importance to understand physical phenomena taking place in the 
hollow cathodes used in these devices. 

With the realization that electric propulsion systems will probably be applied 
at first to the station keeping mission, it has become apparent that the ability to 
operate a thruster without deterioration for thousands of hours is no longer 
sufficient. It must also be capable of rapidly starting from cold thousands of times, 
2ind it is therefore important to identify the parameters governing this process, so 
that problem areas can receive attention. In the case of the electron bombardment 
thruster, the ability to initiate the discharge on demand is largely dependent on the 
hollow cathode. For this reason, this aspect of hollow cathode operation has been 
studied in conjunction with the fundamental investigations mentioned above. 

In this investigation, it was found that such characteristics are more complex 
than was thought initially from consideration of other gaseous breakdown 
phenomena. In particular, under any one set of conditions, the initiation voltage 
required was not reproducible, but fell within a range, the magnitude of which 
depended strongly on temperature and flow rate. In deciding upon suitable 
initiation parameters it is therefore necessary to b2dance these quantities. [Ref. 6 ] 

The objective of this study has been to gain a better insight into the physical 
process of hollow cathode operation. Towards this goal, an experimental 
investigation was undertaken to measure plasma properties and other pertinent 
physical parameters, and to observe the starting behavior under several conditions. 
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II. BACKGROUND 



A. HOLLOW CATHODE PHYSICS 

Ignition of the standard hollow cathode begins with the activation of the 
heater power supply, which heats the cathode to approximately 1000®C, followed by 
the introduction of propellant into the cathode as shown in Fig. 1.1. The keeper 
supply is then activated, the gas breaks down electrically and an arc discharge 
ignites. Stable hollow cathode arcs require a copious source of electrons which the 
insert provides by the mechanism of field enhanced thermionic emission. In this 
scenario, the insert must be heated to a temperature of approximately 1000®C over 
a region large enough such that in combination with the electric field generated by a 
nearby, dense plasma, the insert emits enough electrons to maintain a stable arc. 
[Ref. 10] 

Daniel E. Siegfried, Colorado State University, provided the current 
understanding of the physical processes which take place inside the hollow cathode. 
He explained as follows in "Phenomenological Model Describing Orificed, Hollow 
Cathode Operation". [Ref. 7] 



The cathode orifice maintains a hi^h neutral density inside the cathode 
by restricting the propellant follow cind it also provides a current path to the 
downstream discharge. The electron emission comes uniformly from a narrow 
(sj2mm) band on tne downstream end of the insert. The electrons are 
produced at the surface of the insert by field— enhanced, thermionic emission 
(the very strong electric field is a consequence of a very dense plasma and the 
resulting potential drop across a very thin plasma sheath). The electrons 
produced at the insert surface are accelerated across the plasma sheath by a 
potential of 8 to 10 volts. Since the mean free path for inelcistic collisions of 
these energetic electrons is on the order of the internal cathode diameter, the 
"ion production" region can be idealized to be the volume circumscribed by 
the emitting region of the insert. The dense internal plasma is established by 
the ionization taking place in this region. Ions produced in this volume diffuse 
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out of it at the Bohm velocity. The electrons strike the insert surfzice with 
sufficient energy to heat it to the temperature necessau^y to provide the 
required electron emission. The emission surface temperature, however, is 
determined not only by the emission current but also by the local plasma 
properties. 

The plcisma properties in the ion production re^on are coupled into the 
problem by the energy balance at the insert surface m the following manner. 
The plaisma properties determine the ion flux and therefore the energy input to 
the emission surface. For a given emission current, the surfaice temperature is 
determined by the energy balance which demands that the thermal losses from 
the surface due to electron production, radiation and conduction are bailanced 
by the energy input from the ion flux. The plasma properties also affect the 
required emission temperature because they determine the magnitude of the 
electric field— enhancement in the emission process. Therefore, for a given 
emission current the surfau:e temperature and plaisma properties must be 
consistent to the extent that they satisfy the energy balance at the surface. 
All cathode surfaces which contcict the plasma receive ion currents 
proportional to the Bohm velocity and the plasma density adjacent to the 
surfcice. Electron emission, on the other hand, can be aissumed to come only 
from the 2mm band on the downstream end of the insert. The total emission 
current from the cathode is equal to the sum of the ion currents to the various 
cathode surfaces and the current of the emitted electrons. 

Certain aspects of this phenomenological model can be expressed 
analytically in a simple form which will cillow comp 2 irison with experimental 
results. The plasma density adjcicent to a particular surface (n) can be 
calculated based on the Bohm condition using 



J 



n = 



J _ 



ev 



Bohm Ae 



KTe 



m, 



1/2 



( 2 . 1 ) 



where li is the ion current to the surface, A is the surfcice area, Te is the 

Maxwellian electron temperature (°K), and K is Boltzmann's constant. For 
an electron emitting surface the measured current to the surface is determined 
by both collected ions and emitted electrons, so that the total current density 
to the surface is 



total 



= J. + J 

1 e 



( 2 . 2 ) 



where j is the ion current density and j is the electron emission current 
i e 

density. The ratio of ion to electron currents can be estimated from an energy 
balance on the emitting surface. In such a balance the ion heating power is 
equated to power conducted and radiated from the surface plus the power 
required to boil off electrons. The equation describing this is 



j?+q = j.(V (2.3) 
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where ^ is the effective work function of the surface, q is the thermal heat flux 
away from the surface, V is the potential drop across the plasma sheath, V is 

C ^ ^ 

the ionization potentiaJ, and 4> is the work function of the surface material ( a 

S 

material property ). Equation (2) and (3) can be combined to give the 
electron emission current density from the surface. 



ie 



j 



total 



aq 



1 + a^g 



(2.4) 



where a = ( V^. + Vj — In general the thermal loss is a function of the 

surface temperature and the cathode thermal design. Most of the thermal loss 
is due to radiation from the outer surface of the insert to rather cold external 
surfaces, and can be estimated from 



q % e<7T^ (2.5) 

where 6 is the emissivity (sO.5 for tantalum), a is the Stefan— Boltzmann 
constant, and T is the surface temperature. Emission from the surface is 
assumed to be given by the Schottky equation for field— enhanced, thermionic 
emission 



j 

e 



= A^T^xp 



e~?e 

KT 



] 



( 2 . 6 ) 



where = 120 A/cm^K^ and the other parameters are as previously defined. 



The average effective work function is given by 



- 




(2.7) 



where to is the permitivity of free space and E, the electric field adjacent to 
the surface, can be estimated using 



E = 



dV 4 Ve 4 V 

■dir = — 3 — = — 3" 



ne" 

eoKTj 



( 2 . 8 ) 



Here the factor of 4/3 comes from Child's Law considerations and the sheath 
thickness is estimated as one Debye length (.^j^). [Hef. 16] 
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This model provides an estimate of the insert temperature and this is a 
critical parameter in determining both the cathode lifetime and performance. This 
can be done for example, by picking an electron temperature and the plasma 
potential. These properties have been measured experimentally and found to be 
rather insensitive to operating conditions with typical values of — 0.8 eV and K 8.0 
volts respectively for a cathode operating at a few amperes of discharge current. 
Using these vzJues together with a specified surface work function {<f>s) and the 
desired emission current (j ), Equations (1) through (8) can be solved to provide 

total 

the emission surface temperature (T). Note that the solution scheme would 
generally be an iterative one requiring an initial guess of a Vcilue for either je or T. 
Typical results are: T = 1000°C. [Ref. 7] 

B. PREVIOUS EXPERIMENTAL RESULTS 

Much of the published work on standeird hollow cathode in the 1970's and 
1980's was done at Colorado State University, 3S illustrated by the work of Siegfried 
[Ref. 3,7,8] and Williams [Ref. 31,32,33,34]. This work was concerned with the 
physical phenomena inside the hollow cathode. As part of this thesis work, a 
determined search for other experimental results was made. The initial work in the 
United States was done, or sponsored by, NASA Lewis Research Center in the 
1960's. [Ref. 17,35,36] During this decade, parametric characteristics of the hollow 
cathode were closely observed and described. 

Many similar investigations with hollow cathodes have been conducted by 
other countries — England [Ref. 5,6,13,14,20,22,23,24,25,26], Germany [Ref. 21,27], 
U.S.S.R. [Ref. 19], China [Ref. 28] and Japan. [Ref. 29,30] 
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1. England 

Work by the Royal Aerospace Establishment(RAE) and at Mullaid 
Laboratory, provides a comprehensive look at behavior of hollow cathode discharges, 
with a variety of cathode geometries. This investigation considered starting 
behavior as a function of temperature, flow rate, voltage, geometry of the orifice and 
dispenser, and barium avcii lability. Discharge initiation experiments using the 

keeper electrode were done for a tubular insert cathode, a rolled foil dispenser 
cathode, a curved orificed cathode and non— bariated cathode design. For a given 
cathode and fixed flow rate and temperature, the voltage necessary to stcirt a 
discharge falls randomly between two limits. Above the upper limit, a discharge 
will always occur, while below the lower limit one can never be obtained. As 
temperature and flow rate are increased, these limits approach each other until at 
sufficiently high values, they merge and behavior becomes reproducible. In the 
design of a thruster system, it is desirable to choose these parameters so that the 
upper limit is always exceeded from these studies. Fig. 2.1 shows one typical result. 
[Ref. 6] 

Further experiments at RAE provide basic information on the 
physical processes operating in cathodes. The basic design features of this hollow 
cathode are illustrated in Fig. 2.2. The cathode tip was a tungsten disk (1mm thick 
and 3.5mm diameter) electron— beam welded into a tantalum tube. It was provided 
with a central orifice of between 100 and 350;<m diameter formed by either spark 
erosion or diamond drilling. A stainless-steel flange at the upstream end of the 
cathode was provided for mating with other components. 

To initiate the discharge a keeper was used. This consisted of a thin 
molybdenum disk with a 2mm central hole, and it was spaced about 1mm from the 
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cathode tip. The anode, or beam simulator electrode, was normally a disk of 
stainless steel whose distance from the cathode could be varied. 

From the result of these experiments, the following physical explanation of 
hollow cathode behavior can be deduced. The results obtained suggest certain 
emission mechanisms that may account for the observed behavior. It seems certain 
that thermionic emission is normally necessary to initiate the discharge from this 
form of hollow cathode, but the site of this emission was not established. However, 
modification to include an interned auxiliary electrode showed that starting by field 
emission is quite feasible, even in the absence of electron— emitting coatings. Thus, 
thermionic emission is not always required. 




Once breakdown hais occurred and a current is drawn to the anode, 
thermionic emission cannot possibly account for the high current densities obtained. 
One possibility is field-enhanced emission caused by sufficiently high electric fields 
across the space charge sheath separating the Wcdls of the cathode from an internal 
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plasma. This effect was shown by Schottky to be due to a reduction in the surface 
potenticd barrier. This is produced by the external accelerating field so that the 
work function is decreased and the emission thus increased. Analysis shows that if 
an electric field E is applied to an emitter the work function is reduced by an 
amount (eE/4T£o)'^^, where e is the electron charge. It follows therefore that if Is is 
the saturated emission current obtained without cun external field and Is' is the 
saturated current with an external field E then 



I,< = exp(eE/4T6o)‘/^ 

KT 



(2.9) 



This is the Schottky equation of field emission. [Ref. 37] 

The conditions within the hollow cathode are unknown, but it is possible 
that T will be close to the value measured outside(4xl0^ ®K) and that ne will be 
much higher owing to the larger pressure and the presence of bcirium. Taking ne ^ 
10'® cm~® and aissuming that the sheath is of the order of a Debye length Ap where 



A 



D “ 



' KTe 
• 4t He e® 




( 2 . 10 ) 



Then Aj-j S 10~‘'cm and the electric field gradient G s 4x10'' V/cm for a plasma 
potential of 5V. This results from a large increase in the ion density in the sheath 
at the negative electrode, probably to values several orders of magnitude greater 
than the prevailing ion density in the plasma. [Ref 14] 

Another emission mechcinism that could be very effective in the hollow 
cathode is the release of electrons by the impact of excited atoms. High yields are 
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to be expected when the excitation energies are not much greater than the work 
function of the emitting surface. Excited propellcint atoms can be formed by a 
number of processes in the discharge, such as collisional excitation or charge 
transfer, provided that the electron— neutral and ion-neutral mean free paths are 
less than a typical orifice dimension. By considering the emission and absorption of 
resonance radiation, von Engel and Robson showed that it is probable that all of the 
atoms back— scattered toward the cathode by collisions with ions reach a small area 
of the cathode surface in excited states and thus cause electron emission. [Ref. 14] 

This emission mechanism, therefore, is capable of providing the required 
current density, cind further evidence for its existence is provided by the ability of 
stable spot mode discharges to operate at potentials considerably lower than the 
ionization potential of the propellant( mercury). From Fig. 2.3, it cam be seen that 
the minimum discharge voltage approached a value close to 6V as the pressure was 
increased. This corresponds to the maximum of the cross section for excitation of 
mercury atoms to the 4.9 eV metastable level, and these are very effective at 
producing emission. [Ref. 14] 

It will be noted that the preceding mechanism is not in any way dependent 
on the presence of an alkali metal within the cathode, and it should therefore 
operate successfully in the absence of the triple carbonate coating. It was, in fact, 
found that a discharge could be run without this coating, but the voltage required 
was considerably higher than normal. This suggests that a mechanism requiring the 
coating normally operated in conjunction with that dependent on metastable atoms. 

The hollow cathode mechanism is undoubtedly more complex than the 
preceding treatment would suggest. Although it seems likely that, in some cases, 
either or both of the emission processes discussed so far are dominant, others may be 
necessary to explain all of the data satisfactory. [Ref. 14] 
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Fig. 2.3 Variation of Minimum Discharge Voltage with Pressure for Several 

Separations. (Ref. 14] 



2. Germany 

The research work on hollow cathodes as plasma bridge neutralizers 
for ion thrusters started at the University of Giessen at 1970. S.E Walther, K.H. 
Groh and H.W. Loeb were concerned about the life time of the cathodes. Duration 
tests with oxide coated rolled— foil inserts showed an increase of the keeper voltage 
with increasing operation time. A neutralizer system with impregnated insert was 
investigated in a shortened duration test of about 1,000 hours including some 
ignitions after exposure to air. The result is graphed in Fig. 2.4. The keeper 
voltage raises rapidly in the first 100 hours from 18 to 20 volts 

cind then remains constant at about 20 volts. The keeper current is fixed at 0.3 
ampere. Moreover, the dependence of the keeper voltage on the mass flow rate was 
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KEEPER VOLTAGE, V KEEPER VOLTAGE 



ecorded alter 1,000 hours operation as shown in Fig. 2.5. The curve got flatter, 
resulting in lower keeper voltages at very smcdl mass flow rates. (Ref. 27] 
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Fig. 2.4 Keeper Voltage Dependence on the Operation time (Ref. 27] 
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3. U.S.S.R 

In 1988, parametric investigation of the hollow cathode for ion 
thrusters was presented in the U.S.S.R. This paper presented the result of 
parametric investigations of a cesium hollow cathode with diameter of 5 mm. Fig. 
2.6 shows typical voltage— current characteristics of the discharge. Saturation of 
current is seen under the different mass flow rates. Appeau’cince of abnormal 
resistance in a discheirge gap can be predicted as follows; 

— emission current limitation as a result of a virtual cathode in a 

dischau’ge gap; 

— discharge current limitation as a result of the lack of discharge 
carrier at an anode surface and a positive anode decrease of potential [Ref. 19] 
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Fig. 2.6 Voltage— Ampere Discharge Characteristics of Cesium Hollow Cathode 
[Ref. 19] 
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4. China 

Pulse ignition characteristics for a hollow cathode for an electron 
bombairdment mercury ion thruster was presented in China in 1984. A high-voltage 
pulse igniter with positive pulse output of 0.1 kV — 6 kV was developed. The pulse 
ignition voltage of the hollow cathode was measured as a function of pulse width, 
pulse repeat frequency and mercury flow rate respectively. A compau'ison between 
D.C. ignition voltage and pulse ignition voltage was also made. The pulse ignition 
voltage dropped with the increase of the pulse width. Also, the voltage dropped cis 
the pulse repeat frequency was increased. Fig. 2.7 shows the compau’ison between 
D.C. ignition voltage and pulse ignition voltage. Fig. 2.8 shows the relation 
between pulse ignition voltage and mass flow rate. [Ref. 28] 

5. Japan 

A 10,000 hours neutralizer hollow cathode endurance test was run by 
the Electrotechnical Laboratory, Japan in 1984. The tested hollow cathode was 
fabricated with the same process as one for ETS— III(5cm mercury ion thruster). It 
was installed in a small vacuum chamber with a liquid nitrogen trap and a virtual 
anode was set before the cathode. Parametric change tests and spectral analysis 
were carried out every 1,000 hours. No severe degradation of the cathode was 
observed after the 10,000 hours operation. Change of the propellant flow rate is also 
negligibly small, compared with the beginning flow rate. Fig. 2.9 shows the entire 
test log of the cathode. [Ref. 30] 
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[Ref.28] 




Fig. 2.8 Relation between Pulse Ignition Voltage and Mass Flow Rate [Ref. 28] 
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Fig. 2.9 Test Log of the Cathode [Ref. 30] 

C. HEATERLESS HOLLOW CATHODE 

With inert gas (for example, Argon), the cathode heater is not needed to 
prevent condensation. Further, hollow cathodes in laboratory inert gas ion thrusters 
have been started without a hollow cathode heater by flooding the cathode during 
ignition. Although it has been demonstrated that reliable heaters axe possible, some 
view them as a failure prone component which is sensitive to fabrication procedures. 
Ultimately, heaterless ignition of ion thruster hollow cathodes should contribute to 
more reliable ion thruster designs with a lower parts count. 

Heaterless inert gas ion thruster hollow cathodes were investigated with the 
aim of reducing ion thruster complexity and increasing ion thruster reliability. 
Before the hollow cathode can ignite without a heater, the propellant must 
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breakdown electrically without a heater. (Note that "ignition" means establishing a 
low voltage (10 to 40 V) high current (>1 A) electrical discharge (i.e., an 
"arc"), while "breakdown" implies the onset of cin electrical discharge in some mode 
(not necessarily an arc).) Thus, it is important to first understeind what 

mechanisms govern the heaterless breakdown of propellamt. In this investigation, 
Paschen's law served as the model of electriccJ breakdown. 

1. Theory 

For clearer understanding, the derivation of Paschen's law is briefly 
presented. The breakdown voltage is 



Vb — (2.11) 

C+ln(P*D) 

where P is the pressure and D is the distance between the electrodes. Fig. 2.10 
shows Vb as a function of (P*D), and the constants 7 , A and B for several gases are 
given in Table 2 . 1 . For large values of (P*D) the breakdown voltage Vb according 
to equation (2.11) rises nearly linearly with (P*D) because the logarithmic term 
varies slowly. For small values of (P*D) the numerator in equation (2.11) decreases 
linearly with decreasing (P*D), but ln(P*D) decreases faster, with result that Vb 
vises when (P*D) is lowered. Hence there is a minimum Vb(ccJled Paschen's 
minimum) whose value is found from dVb/d(P*D) = 0, viz. 

(P*D)„in = (2.72/A)In(l+l/7) and (Vb)min = ( 2 . 12 ) 

It follows that, for example, the lowest breakdown voltage is to be expected for 
gases and cathodes for which B/A is small and 7 is large (Fig.2.10). Table 2.2 shows 
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the minimum values for a number of gases. The general trend is in agreement with 
equation (2.12). For instance, for a given cathode in rare gases, the constant A is 
often smaller and 7 larger than in molecular gases and thus (P*D)min is larger. 
Again B is small for the rare gases cind so is Vb. [Ref. 15] 




Fig. 2.10 Paschen's Law (Breadtdown voltage vb as a function of the reduced 

electrode distance P*D). [Ref. 15] 



20 



TABLE 2.1 VALUES OF COEFFICIENTS A AND B IN (2.11) FOR 
VARIOUS GASES. [REF. 15] 



Gas A- 


1 


B V 


Range of validity 




cm mm Hg 


cm mm Hg 


X/P 


Na 


12 


342 


100-600 


H2 


6.4 


139 


20-1000 


Air 


15 


365 


100-800 


CO 2 


20 


466 


500-1000 


H 2 O 


13 


290 


150-1000 


Ar 


12 


180 


100-600 


He 


3 


34(25) 


20-150(3-10) 


Hg 


20 


370 


200-600 



TABLE 2.2 MINIMUM SPARKING POTENTIALS [REF 15] 



Gas 


Cathode 


Vm in 

(Volts) 


(P^D)ein 
(mm Hgcm) 


He 


Fe 


150 


2.5 


Ne 


II 


244 


3 


Ar 


II 


265 


1.5 


N 2 


II 


275 


0.75 


O 2 


II 


450 


0.7 


Air 


II 


330 


0.57 


H 2 


Pt 


295 


1.25 


CO 2 




420 


0.5 


Hg 


W 


425 


1.8 


Hg 


Fe 


520 


fi2 


Hg 


Hg 


330 


? 


Na 


Fe ? 


335 


6.04 
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Paschen's Law has been experimentally establbhed for well defined P (static 
gcises)and D (parallel plate geometry) (Pig. 2.10); however, neither criteria is 
satisfied in the stcindard hollow cathode geometry because the geometry is 
nonplanar and the pressures are nonstatic in the breakdown region between the 
cathode orifice plate and the keeper. Nevertheless, one would expect the trends to 
remain the same, i.e., when breakdown voltage is plotted as a function of P*D for 
the hollow cathode, perhaps a Paschen minimum could be found near the 1 
MMHG*CM vcilue characteristic of well defined P*D cases (Fig. 2.10). Exeimining 
the standard hollow cathode under this assumption, with reasonable estimates of P 
cind D, the P*D product is seen to be well below this characteristic value (P*D = 
(0.001 MMHG) * (0.15CM) = 0.00015 MMHG*CM). Hence Paschen's law is not 
well suited to the conditions in a standard hollow cathode. Paschen's theory would 
qualitatively explain the experimental observation that for heaterless ignition of 
hollow cathodes high flow rates are required. Increasing the P*D product by 
increasing P through increased flowrate brings the breakdown voltage down to the 
level satisfied by the open circuit voltage of the igniter supply. Demanding 
heaterless ignition at reasonable igniter supply voltages (<1KV) implies that 
electrical breakdown in heaterless hollow cathodes should occur near Paschen 
minimum breakdown voltages, typically on the order of 200 to 400 V for most gases. 
(Fig. 2.10) 

Under Paschen's Law, the breakdown volt 2 ^e for the heaterless hollow 
cathode can be lowered in a number of ways (e.g., lengthening D, increasing P, 
"seeding" the propellant with a low ionization p>otenticJ material, etc.). [Ref. 10] 

2. Hardware 

Heaterless inert gas ion thruster hollow cathodes were investigated 



22 



with the aim of reducing ion thruster complexity and increasing ion thruster 
reliability. One of the heaterless cathode is the design invented by Aston, 1981. 
[Ref.18] This design is manufactured by Spectra— Mat Inc. and is referred to in this 
thesis as the Spectra— Mat cathode. (Fig. 2.11) This cathode design provides an 
alternative to the refractory raetaJ filament cathode. The Spectra— Mat model 
modifies the original design by Aston by including a tungsten dispenser. Porous 
tungsten with a formula of barium oxide dispersed throughout the matrix is the 
essentiad form of dispenser cathodes. The claimed performance for the Spectra— Mat 
hollow cathode is a starting time of approximately ten seconds after which the 
device is capable of emitting several amperes of electron current. Gas flow 
requirements are low. With argon, a flow rate of 3-^ seem (standard cubic 
centimeters per minute) will support a cathode emission current level of 5—10 
amperes. Lower gas flows can be used for smaller electron emission current 
requirements such as ion beam neutralizer applications. An inherent operating 
chciracteristic of hollow cathodes requires that the anode supply be current 
regulating with a compliance voltage of about 80—100 volts. The fast emission 
current response of the Spectra— Mat hollow cathode means that anode power supply 
response times less than 1 msec are required. Most transistor regulated laboratory 
power supplies satisfy this requirement. 

There are several advantages claimed for the Spectra— Mat hollow cathode. 
Some of these advantages aie listed here. 

— Much longer cathode life. The electron emitting surface is within the 
hollow cathode and so is shielded from sputtering damage by the 50—100 volt ions in 
the ionizing plasma 

— Lower power consumption and operating temperatures. This results in less 
undesirable substrate and process chamber heating. 
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— Less chance of ion beam and substrate contamination. The hollow cathode 
is subject to much less evaporation because of it's lower operating temperatures. 

A unique feature of the Spectra— Mat hollow cathode is the ability of the 
cathode to be placed in ein idle mode where the cathode is on but no discharge 
chamber plasma or ion beam is being produced. This feature is especially useful in 
continuous operations, such as ion etching, ion sputter deposition, ion milling and 
ion implantation. In these applications, the ion source can be pulsed on as each new 
substrate is put in place. This minimizes the chamber heating and ion sputter 
erosion, promoting a much cleemer substrate environment. [Ref. 1] 




Fig. 2.11 Spectra— Mat Hollow Cathode Apparatus. 
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURE 




A. EXPERIMENTAL EQUIPMENT 
1. Discharge Chamber 

Fig.3.1 is the picture that illustrates the general experimental 
arrangement. There are four main components in the vacuum chamber. They are 
cathode, keeper, anode and Langmuir probe. 



Fig. 3.1 General Experimented Arrangement. 
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Two hollow cathodes (a standard design majiufactured by Ion— Tech 
and the Spectra— Mat cathode) are mounted parallel to each other. Only one 
cathode can be used at a time. The standard cathode was mounted so that the 
distance between the cathode tip and the keeper could be varied. This is the subject 
of the thesis by Park. [Ref.38] Both of the cathodes are connected to copper tubes 
by swcigelock connectors and receive argon gas through these tubes. The copper 
tubes were disconnected in the middle and they were replaced by tygon tubing for 
electrical bolation. The Spectra— Mat hollow cathode has the keeper in its body, 
but a similar appearing external anode. 

A Langmuir probe has been placed in the chamber to measure the 
electron temperature, electron current and plasma density. The Langmuir probe is 
a stainless steel ball (dicimeter 9.514mm) and it is connected by a thin stainless steel 
bar. This bar is covered with ceramic to insulate it from the plasma in the 
chcimber. 

The anode, or collector, is designed to collect the discharge current 
and to take the role of the electric field of the space environment. The anode is a 
copper grid which surrounds the inside wall of the jeir. 

2. Electrical Circuit 

Fig.3— 2 illustrates the electrical circuitry for the Ion— Tech( standard) 
hollow cathode. As expected. High voltage (K300V)is applied to start the discharge. 
Right after the ignition, two circuits exists. However, only a low current can flow 
through the very high resistor(llOkQ). Therefore only the low voltage, high current 
supply is active after the initial igniter. 

Fig.3--3 illustrate the electrical circuitry for the Spectra— Mat 
heaterless hollow cathode. 
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Fig. 3.2 Electrical Circuitry for the Ion— Tech Hollow Cathode. 
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Fig. 3.3 Electrcal circuitry for the Spectra— Mat Hollow Cathode 
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3. Measuring Equipment 

Two Variaji Type 0531 thermocouples were used to measure the 
pressures in the rough vacuum range and Varian 880RS ionization gauge was used 
to measure the high vacuum pressures. 

Fluke 85 multimeter, Fluke 75 multimeter and Keithley 195A DMM 
were used to measure the anode to keeper current, the keeper to cathode current 
and keeper to cathode voltaige respectively. 

HP model 120B oscilloscope was usually used to watch the system 
noise and the plasma oscillation. 

HS— lOS Hasting mass flow transducer and Nall flow meter are used to 
measure the argon gas flow rate, (unit; SCCM— standard cubic centimeters per 
minute) 

4. Vacuum System 

Fig.3— 4 shows the major parts of the Varian system. This vacuum 
system consists of two pumps. A Rotary Vane Oil— Sealed Mechanical Pump is used 

3 

for rough pumping; pressure range 760 torr to 10 torr. A Turbo pump is used for 

3 g 

a high vacuum pumping; pressure range 10 torr to 10 torr. For this 
experimental system, base pressure without propellant flow is 2.8x10*® torr with 
valves to the gas supply open. Fig. 3.5 shows the relationship between argon flow 
rate and vacuum chamber pressure. Chamber pressure increases linearly by 
increasing the flow rate as expected. 

B. Procedure 

1. Vacuum System 

In order to start this experiment, the Bell Jar should be evacuated to 
the order of 10~ torr. 
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Fig. 3.4 Major Pairts of Varian Vacuum System. 




Gas Flow Role (SCCM) 



Fig. 3.5 Relation between Propellcint Flow Rate and Chamber Pressure 
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It usually takes several hours to reach the desired pressure range of the vacuum 
chamber and up to 24 hours pumping to assure complete outgassing. The procedure 
for operating the vacuum system is as follows; 

(A) Turn on the cooling water and open the nitrogen gas 
bottle valve (Nitrogen bottle valve is set to 2.5 — 5.0 psi as the regulated pressure) 

(B) Place switch marked "Turbo Pump" to "Off" position 

(C) Switch on power to turbo controller and ionization 

gauge 



(D) Push "Start" on controller. Roughing pump should 
start, turbo pump should not. Let system pump down to 100 milli torr as indicated 
by TC2 gauge on ionization gauge panel. 

(E) With controller in "Low Speed" (i.e., Low speed button 
depressed) Switch "Turbo Pump" switch to "On" when 100 milli torr reached 

(F) "Acceleration" and "Leak" indicators will light. Both 
should go out and "Normal" indicator will light within 5 minutes 

(G) Switch on ionization gauge to read pressure. 

When cathode has been exposed to atmosphere, allow vacuum 
system to pump down at least overnight before attempting to start plasma. 

2. Starting and shutting down the plasma source 
(A) Standard Hollow Cathode 

(1) As mentioned above, for the initicJ start up (if cathode 
has been exposed to atmosphere) make sure the vacuum system has pumped down 
overnight. The gas lines should be flushed twice with argon — it takes 1—2 hours to 
pump out the gas lines once the argon cylinder is sealed. 

(2) Set the heater current to 4A for 10 minutes. Then, 
increase in lA increments to 8A waiting 10 minutes between each increase. 
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(3) Start the argon flow at 3-6 SCCM. Increase the heater 
current to 9A. Set the anode voltage to k300V, 

(4) Wait several minutes. (If discharge does not start, 
increase the flow rate to 5 or 6 SCCM. Wait cigain. If nothing happens, reduce flow 
rate back to 2.5 — 3.0 SCCM. When flow stabilizes, quickly open and close the 
bypciss valve 1/4 turn. Do not leave the bypass valve open or the vacuum system 
will overload. Repeat as necessary until a stable discharge ignites. 

(5) When the plasma source starts, a sudden drop in 
voltage cind rapid increase in current will occur. When this happens, immediately 
reduce the heater current to 6A and adjust the flow rate to the desired level. (2 — 4 
SCCM range works best) 

(6) Chcinge parameters as required. Slow cheinges work 

best. Rapid changes in current (i.e. 0.2 2A) may cause loss of plasma. 

(7) To shut down the plasma source, Switch off the power 
supply and reduce the heater current slowly to OA. (Opposite to the initiation) 
Allow argon gas to flow at 2 SCCM. 

(8) Do not switch off vacuum system while cathode is hot. 
(It is best to wait at least one hour to allow complete cooling). If power loss should 
occur, close gate valve and shut off argon flow immediately. This will maintain a 
vacuum in the Bell Jar while cathode cools. 

(9) To restart plasma source when plasma loss occurs while 
changing parameters, bring up the heater current to 9A immediately and set the 
propellant flow rate to 3 SCCM cind wait. Discharge usually auto— starts quickly. 
Restarts are normally quicker and easier them the initial daily start. 
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cathode. 



(B) Spectra— Mat Heatetless Hollow cathode 

(1) The initial stage is the same as that of the Ion— Tech 

(2) Increaise the flow rate to 5 SCCM. 

(3) Turn on the power supply auid increase the voltage 



slowly to 270V. 

(4) Wait 30 seconds. If nothing happens quickly open and 
close bypass valve 1/4 turn. Do not leave bypass valve open or you will cause 
vacuum system to overload. If plasma still does not start, try agaun when pressure 
is stable. 



(5) When the plasma source starts, a sudden drop in 
voltage (to ^ lOV) and rapid increase in current (to s 1.5A) will occur and voltage 
regulated mode changes to current regulated mode. 

(6) Change parameters cis required. Slow change works 
better. Rapid change in current may cause loss of plasma. 

(7) To shut down the plasma source, decrease the current 
slowly to zero.(opposite to the initiation) Allow argon gas to flow at ^ 2 SCCM. 
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IV. EXPERIMENTAL RESULTS 



The purpose of this investigation is to find the optimum pareimeters that 
make the hollow cathode initiation certainly aind operation properly. Not only the 
continuous, long-life operation but also proper, quick and reliable starting condition 
is important for the hollow cathode discharge. Starting behaviors running 
conditions vary according to the following parameters; propellant flow rate(m), 
biasing potential between cathode and keeper(Vk), cathode tip temperature(T) or 
heater current(Ih), keeper spacing(D) and time of turning on and off(t). 

A. STANDARD HOLLOW CATHODE 

1. Flow Rate Dependence 

It was sufficient to increcise the temperature slowly to about 1300®C 
(heater current 8A) and to hold it steady for about 1 hour. Discharge initiation 
could then be accomplished by passing a sufficient flow rate of argon through the 
cathode while applying a potential Vk to the keeper. From this condition, several 
data could be taken. At first, Vk was slowly increased at constant flow rate until 
discharge occurred at a voltage Vd> This process was repeated many times at 
different flow rates. Fig. 4.1 shows the result. From this result, as flow rate was 
increased, Vd became smaller, discharge occurred faster aind more predictably. 

2. Heater (Temperature) Dependence 

Vk was increased at constant temperature until discharge occurred at 
a potential Vd- This was repeated at different heater current (temperatures). 
Changing the heater current was used. Fig. 4.2 shows the heater current 
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dependence. From Fig.4.1 and Fig. 4.2, as either(flow rate or temperature) was 
increased, Vd became smaller and more predictable. With the flow rate and heater 
current 5 SCCM and 8 A, the discharge could often be initiated at voltages as low 
as 40 V. 




Fig. 4.1 Discharge Voltage vs Flow Rate 
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Fig. 4.2 Dischcirge Voltage vs Heater Current 



3. Time Dependence 

On closer examination, it was found that discharge initiation was not 
as unpredictable cis at first thought. After the discharge had been off for several 
hours, Vd was generally high at pven values of flow rate and temperature. In 
contrast, it was considerably lower if Vk was reapplied shortly after the discharge 
had been switched off. The time taien for the discharge to strike after application 
of Vk was also dependent upon the recent history of the cathode. In this 
experiment, the values of temperature (heater current) and flow rate were held 
constant, the discharge was extinguished and a known time was allowed to elapse 
before a fixed value of Vk was applied. At this stage, a very faint glow emerged 
from the cathode orifice; this was accompanied by a idle mode current of several 
microamperes. (Fig. 4.3) This is the thermionic emission current. The luminosity 
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gradually increased, as did the current, until a discontinuous rise to several hundred 
milliamperes indicated discharge ignition. The maximum idle mode current was 
approximately constant at given values of flow rate aoid temperature. The 
relatively long times involved in these phenomena suggest that chemical changes or 
the surface migration of barium are responsible. If the initiation mechanism as 
discussed in the background section is applicable, adequate thermionic emission is 
essential from areas close to the cathode orifice, implying that sufficient bairlum 
must be available there. Once the discharge is switched off, it would appear that 
barium is gradually lost from the emitting zone, so that, after reapplication of Vk, 
a finite time is required for replenishment. The situation is undoubtedly extremely 
complex, and no attempt has been made to ascertain the nature of the chemical and 
surface processes taking place. It would be reasonable to assume, however, that the 
geometry and position of the dispenser have by no means been optimized. 




Fig. 4.3 Idle Mode Discharge Current vs Keeper Biasing Potential 
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B. SPECTRA-MAT HOLLOW CATHODE 

To find out the optimum pa^’ 2 uneters for Spectra— Mat hollow cathode to 
operate properly, similar experiments were attempted. Flow rate and biasing keeper 
potential were the main parameters. Unlike the standard hollow cathode, the 
Spectra— Mat hollow cathode does not have a heater to activate the cathode. When 
a sufficient biasing keeper potentiaJ(a 315V) was given, a very small dischau’ge 
occured within the hollow cathode. This is the so called idle mode dischcirge. Idle 
mode discharge began in a short time(<10 secs). In order to extract a current, a 
second, outer anode must be mounted and a biasing potential applied. 

1. Idle Mode Discharge 

During this experiment, two kinds of idle mode was found, lower level 
and higher level. Fig. 4.4 shows these two levels of idle mode discharge for different 
flow rates. When the idle mode was higher level, extraction of discharge was easier. 
That means lower level is insufficient for activation of external discharge. To reach 
the higher level, hollow cathode should be turned on for several hours. That helps 
migration of the bau’ium to the surface of the cathode. Idle mode discharge current 
also depends on the biasing keeper voltage. Fig. 4.5 shows one typical example of 
this dependence. Discharge current has the transition point abound 295V. Above 
this rauige, the inside idle mode discharge cam be seen. This idle mode discharge 
should be explainable by field enhanced emission. Note that this design 
approximately one order of magnitude higher current in idle mode. This is 
presumably due to the more effective fields to the cylindrical capacitor which is 
presented by the Spectra— Mat cathode. 
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Fig. 4.4 Idle Mode Discharge for Different Flow Rate 
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2. Extraction of Discharge 

Discharge extraction was unlike that found for the standard hollow 
cathode. If discharge extraction was easy and relible, the Spectra— Mat hollow 
cathode would be highly recommended. Unfortunately, it was not easy at all. It 
took a long time for the first beginning attempt. Instead of the heater power 
supply, the Spectra— Mat hollow cathode needs another power supply to bias the 
anode to keeper potential. That compensate ecich other. Several data could be 
taken. The problem was that the status of the discharge was not stable cind did not 
run long. 

There were two kinds of mode for this extraction. For the first mode, 
the external glow was seen, but the collected discharge current was small. This is 
the result at the bottom of Table 4.1. This mode was somewhat stable. It lasted 
around 10 minutes. However, without collecting sufficient external current(l— 2A), 
this mode is useless. 

The second mode more clearly matched our expectations. Some data 
were tciken as follows. 

TABLE 4.1 DATA FOR SPECTRA-MAT CATHODE 



Flow Rate Internal External 

(SCCM) Vd(V) Ii(A) Vd(V) U(A) 



high 


76.5 


1.22 


99.1 


1.3 


3.75 


50 


1.1 


99 


1.3 


2.95 


25 


1.1 


99 


1.3 


5.59 


307 


0.026 


60.2 


0.03 



The range of values of dischoO'ge voltage and current is cicceptable. However, the 
discharge fluctuated too much and the values were unpredictable. That means that 
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Spectra— Mat hollow cathode is not as good as a standard hollow cathode for most 
electron and ion emission purposes. 

3. Discharge Failure 

In the beginning of these experiments with the original Spectra— Mat 
cathode, the discharge was very difficult to start. When the flow rate was increased 
to a very high value, (>10 SCCM), the chamber pressure increased to the order of 
10 torr, the discharge would start momentarily. The status was very unstable. 
Ultimately, the cathode was destroyed by overheating and arcing. There seems to 
be three possible reasons for the discharge failure. 

First, the cathode had been exposed to the atmosphere for too long 
time. The hollow cathode might have been contaminated by too much water vapor, 
dust, oil, etc during this period. To prevent this kind of problem, mechaniceil work 
should've been finished completely and checked several times before opening the 
cathode shipping containers. The hollow cathode should be stored in Vcicuum 
chaimber when not in use. 

A second possibility of the problem is surface damage. During the 
initial attempts at ignition, both flow rate and biasing potential between cathode 
and keeper were too high. The flow rate was increased because the discharge started 
in only that condition. That might cause the surface damage and too much 
consumption of barium oxide. Further operations should have been attempted at 
lower flow rates, or in idle mode. 

A third possible reason for the discharge failure is manufacturing 
flaws. The cathode might have had uneven surfaces from the beginning. It was 
observed that the discharge location was not always at the front of the cathode tip. 
Sometimes discharge occurred around 2—3 cm back from the cathode tip. Fig. 4.6 
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«ind Fig. 4.7 shows the damaged cathode surface spot and broken part of ceramic 
insulator respectively. The damaged spot is the place where the discharge occured. 
This is unexpected and the main reason for the ultimate discharge failure. 

Fig.4.8 is a detailed diagram of disassembled Spectra— Mat hollow 
cathode. This old cathode Wcis disassembled after discharge failure for better 
understanding of the geometrical structure. That was very helpful for 
understanding the inner structure of the cathode. After several other attempts to 
recover the cathode operation, barium oxide was recoated over the surface of the 
cathode tip. Liquid barium oxide was used for this work. It helped the discharge, 
but the results were erratic. One outer anode was mounted in front of the cathode 
tip. Biasing the external voltage helped the bright ignition of discharge. The 
cathode acted like a standard hollow cathode. Bitising voltage was high.(^190V) 
Still unstable discharge and even discharge failure happened because of uneven 
coating of barium oxide and the damaged surface. The results presented above were 
obtained with a second cathode obtained near the end of the research period. As 
noted, it was also difficult to operate, though the experience gained in the initial 
experiments helped. 
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Fig. 4.6 Picture of Damaged Cathode Surface 
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Fig. 4.7 Broken Tip of Ceramic Insulator 
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V. CONCLUSION 



Extensive investigations of the st 2 irting behaviors and parametric 
chciracteristics of two (standard and Spectra— Mat) hollow cathode designs have 
shown how the ignition cind operation are dependent on propellant flow rate, 
cathode tip temperature (for standard hollow cathode), biaising potential, geometry, 
and the availability of a low work function material like barium oxide. As 
temperature or flow rate are increased, the maximum vaJue and width of this 
voltage range both decrease until, at high values, starting is reproducible at 
potentials often below 40 volts. This behavior appears to be strongly influenced by 
the site eind rate of dispensation of the low work function material. 

For the Spectra— Mat hollow cathode, idle mode discharge occurred right 
after (within 10 seconds) applying a voltage of ^315 volts. For the discharge 
extraction, an external anode should be mounted and 50 — 100 volts anode to keeper 
biasing potential should be applied. Discharge extraction is possible, but, the 
condition was so erratic and the values of data were unpredictable. For these 
reasons. Spectra— Mat hollow cathode is not highly recommended for all electron 
emission purposes. 
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